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The mechanism of tissue injury in response to radiofrequency energy ablation is thermal. [1] [2] [3] During catheter ablation, radiofrequency electric current passes into tissue and results in resistive heating of that tissue, in a manner similar to the heating of a filament in an incandescent light bulb. This direct resistive tissue heating (also referred to as "volume heating") is proportional to power density and, therefore, falls off rapidly with increasing distance from the electrode source (1/r 4 ). 4, 5 Most tissue heating, in turn, is not due to direct resistive heating, but rather is a result of conducted heat from the narrow rim of resistive heating into deeper tissue layers. If the depth of resistive heating can be increased, the depth of conductive heating increases proportionally, and the lesion size and volume are increased. Unfortunately, the maximum power that can be delivered to the catheter tip is limited by the risk of overheating at the electrode-tissue interface. If 100°C is exceeded, then boiling of blood will occur, with protein denaturation, and the formation of coagulum and char. These denatured proteins adhere to the electrode and result in a rapid increase in electric impedance. 6 The main thermodynamic factor that opposes heat delivery to tissue is convective heat loss, or convective cooling. Convective cooling can occur passively by blood circulating past the electrode or by sliding catheter contact, or actively with electrode tip cooling. Cooled-tip catheters have either open irrigated systems or closed-loop perfused systems. Part of the heat generated by resistive heating of the tissue (or blood) gets carried away from the ablation site by the blood and/or saline irrigation and does not contribute to deep tissue heating. This has the effect of reducing heating efficiency. If one is power limited during ablation, the loss of local heat by convective cooling will result in a smaller lesion size. However, if more power is available, it can be increased to offset the energy loss of convective cooling without overheating at the electrode-tissue interface. The high-power delivery results in more resistive heating in deeper tissue layers, a larger-diameter resistive heat source, and a resultant increase in lesion size. 7 Because convective cooling prevents excessive heating at the electrode-tissue interface, char formation and electric impedance increase are prevented. The ability to safely deliver high power during radiofrequency catheter ablation has led to the development and popularity of cooledtip catheters when extra lesion depth is required for procedure success, such as is the case with ablation of atrial fibrillation, during which lesion transmurality is important for procedure success. 8, 9 Sometimes, convective cooling can affect procedure outcome adversely. In this issue of Circulation: Arrhythmias and Electrophysiology, Kurotobi et al 10 present data that demonstrate an association between local coronary blood flow and successful completion of a linear lesion in the so-called mitral isthmus. After completion of extraostial pulmonary vein isolation, many operators elect to create a linear lesion extending laterally from the inferior line around the left pulmonary veins to the mitral annulus. Although there is ongoing debate about the value of this portion of a lesion set and which patients may benefit from a mitral isthmus linear lesion, there is general consensus that it is important to complete the line if that ablation is attempted. The consequence of an incomplete line in the mitral isthmus is frequently arrhythmia recurrence with a mitral annular macroreentrant atrial tachycardia. 11, 12 The authors were only able to achieve bidirectional mitral isthmus block in 65% of their patients. They observed that presence of a local coronary artery at the isthmus and a larger-diameter coronary sinus were independent predictors of failure to complete mitral isthmus ablation. Although it is possible that anatomic factors relating to the presence of a local coronary artery or large coronary sinus were the cause of failure to create a complete transmural line, it is most likely that convective cooling from blood flow through those vessels resulted in myocardial sparing from thermal injury and prevented successful transmural ablation. This phenomenon has been demonstrated experimentally by Wood et al, 13 and the present study demonstrates this occurrence in the clinical setting.
As Kurotobi et al demonstrate, knowledge of coronary arterial and coronary sinus anatomic features is important when an atrial fibrillation ablation strategy is being delineated. Although one cannot (nor would one want to) occlude coronary artery blood flow during radiofrequency energy delivery, prospective knowledge of the anatomic course of coronary arteries will allow the operator to select an optimal course for their mitral isthmus line that avoids local coronary flow and minimizes the chance of adverse convective cooling. Regarding coronary sinus blood flow, ostial occlusion during radiofrequency energy delivery has been proposed as a method to reduce convective cooling from this vessel. 14 Lest we decry the adverse effects of convective cooling by coronary arteries, we must also recognize the great benefit that this phenomenon has had on the overall safety of radiofrequency catheter ablation over the past decades. Many ablation targets are in close proximity to coronary arteries, yet acute coronary artery injury during radiofrequency catheter ablation is rare. The high-velocity blood flow within a coronary artery is a potent heat sink. Although abnormalities of the left circumflex coronary artery have been observed acutely after mitral isthmus ablation, the observed stenoses resolved with intracoronary nitroglycerin, and their long-term clinical significance was uncertain. 15 As a result of the self-protective effect of coronary blood flow, operators can ablate along the atrioventricular ring, with little consideration of the course of underlying coronary arteries, and patients can benefit from the substantial therapeutic effect of catheter ablation, with a risk of procedure-related myocardial infarction of Ͻ0.03%. 16 One series of 4655 patients described 4 patients with the complication of myocardial infarction, all of whom had epicardial radiofrequency energy delivery (2 from the pericardial space and 2 from the great cardiac vein). 17 If coronary artery injury had been a frequent complication observed during the initial clinical experience with radiofrequency catheter ablation, it is likely that the field would not have had the incredible growth that we have observed. More recently, convective cooling has been proposed as a method to prevent collateral injury of the esophagus during ablation of the posterior left atrial wall during atrial fibrillation ablation. Using cold saline perfusion of the esophageal lumen will prevent thermal injury to the endothelium and may reduce the risk of atrioesophageal fistula. 18, 19 Understanding the yin and yang of convective cooling is paramount in optimizing the technique. Balance must be achieved: enough convective cooling to achieve adequate lesion size and protect critical collateral structures, such as coronary arteries, but not so much cooling that tissue heating efficiency is reduced to the point of inadequate lesion formation, with resulting reduced procedural efficacy.
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